The electronic structures of nitrogen species incorporated into highly oriented pyrolytic graphite (HOPG), prepared by low energy (200 V) nitrogen ion sputtering and subsequent annealing at 1000 K, were investigated by X-ray photoelectron spectroscopy (XPS), angle-dependent X-ray absorption spectroscopy (XAS), and Raman spectroscopy. An additional peak was observed at higher binding energy of 401.9 eV than 400.9 eV for graphitic1 N (graphitic N in the basal plane) in N 1s XPS, where graphitic2 N (graphitic N in the zigzag edge and/or vacancy sites) has been theoretically expected to be appear. N 1s XPS showed that graphitic1 N and graphitic2 N were preferably incorporated under low nitrogen content doping conditions (8 ×
Introduction
Nitrogen doping of carbon-based materials such as graphene, carbon nanotubes, and graphite is an effective way to tailor their electronic, chemical, optical, and magnetic properties. Recently, nitrogen-doped carbon materials have attracted an increasing amount of attention for use in electrodes for electric double-layer capacitors, 1,2 anode materials of Li-ion batteries, 3 catalysts for organic synthesis, 4 and biosensing systems. 5 In particular, carbon-based oxygen reduction catalysts are expected to be alternatives to high cost Pt-based cathode catalysts for polymer electrolyte fuel cells. [6] [7] [8] [9] [10] [11] [12] [13] In the last decade, the mechanism of their excellent oxygen reduction reaction (ORR) activity has been under extensive debate. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] There are various theoretical [14] [15] [16] and experimental [17] [18] [19] studies on the roles of pyridinic and graphitic nitrogen for ORR activity. In a diverse range of nitrogen-doping methods, including chemical vapor deposition, 6 ,7 pyrolysis of nitrogen containing polymers, [8] [9] [10] pyrolysis of the nitrogen source mixture, [8] [9] [10] [11] [12] [13] 19 and nitrogen ion sputtering, 20 a complicated relationship exists nitrogen doping and ORR activity because many parameters, such as morphology, surface area, and crystallinity, are involved. It is therefore essential to prepare a well-defined reference system exhibiting not only high crystallinity and surface morphology, but also possessing select nitrogen species in order to determine the relationship between nitrogen configuration and ORR activity. In this respect, highly oriented pyrolytic graphite (HOPG) is expected to provide a well-defined surface for the ORR due to its ordered sp 2 -carbon network.
Recently, Kondo et al. studied the local electronic structure of nitrogen incorporated into HOPG using a combination of low energy (200 V) nitrogen ion sputtering (<0.2 × 10 13 ions cm -2 ) and scanning tunneling microscopy (STM).
21

Page 3 of 26 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
In this study, we report the low energy nitrogen ion sputtering (8-4000 × 10 13 ions cm -2 ) of HOPG in order to realize effective nitrogen doping (N = 0.4-8.0 at.%)
while retaining the flatness of the surface sp 2 -carbon structure. The chemical states of the doped nitrogen will be controlled by altering the amount of impinging nitrogen ions and the nitrogen species will be clarified using a combination of Raman and X-ray spectroscopic analyses. The results will be compared with the resulting electrochemical properties in order to discuss the possible ORR active site.
Experimental
An HOPG substrate (PGCSTM, Panasonic Inc.) was cleaved in air using adhesive tape, and set in an ultra-high vacuum (UHV) chamber equipped with a molybdenum holder.
The substrate was then annealed at 1000 K for 30 min, and sputtered with nitrogen ions at 300 K using an ion gun (OMI-0730, Omegatron Inc.). The acceleration voltage of the ion gun was set to 200 V. The nitrogen ion dose was estimated from the total ion current divided by the irradiated spot area. The amounts of dosed nitrogen ions were calculated to be 8 × 10
13
, 8 × 10 14 and 4 × 10 16 ions cm -2 , equivalent to 2%, 21%, and 1030% nitrogen ions, respectively, with respect to surface carbon atoms. Finally, the samples were annealed at 1000 K for 1 h for surface cleaning. These samples will be referred to as N-HOPG hereafter.
X-ray photoelectron spectroscopy (XPS) was performed at BL27SU in SPring-8 using a photoelectron analyzer (PHOIBOS 150, SPECS), with 850 eV incident photon energy.
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Backgrounds of the core level spectra were subtracted using the Shirley method. The N 1s XPS spectra were fitted with Voigt functions (0.98 eV Gaussian width and 0.25 eV Lorentzian width). The energy resolution of XPS at BL27SU was 170 meV.
Conventional laboratory-based XPS was also performed using a monochromatic and a non-monochromatic Al-Kα source (JPS-9010, JEOL) with energy resolutions of 0.7-0.8 eV and 1.1-1.3 eV, respectively. X-ray absorption spectroscopy (XAS) was applied in the partial electron yield (PEY) mode in order to increase surface sensitivity.
XAS spectra were obtained at BL27SU and BL07LSU in SPring-8 by setting θ to 0°, 45°, 60° or 70°. The angle, θ, is defined as the angle between the incident X-ray beam and the surface normal. The spectra were fitted with six Gauss functions for the π* and σ* states, and two step functions convoluted by error function and exponential decay function for the continuum states in the π* and σ* regions. 22 The energy resolution of XAS was greater than 100 meV. The samples were annealed at 900 K for 30 min to remove the initially adsorbed gas before XPS and XAS measurements were carried out.
For each sample, the nitrogen content remained constant both before and after annealing, while the oxygen contamination percentage decreased dramatically (<0.15 at.%) after annealing.
Raman spectroscopy was performed using a micro-Raman spectrometer (NR-1800, JASCO) with an excitation wavelength of 532 nm. The Raman spectral resolution was (Fig. S1 ).
Results and Discussion
Chemical states of doped nitrogen in N-HOPG
Using the SRIM Monte Carlo simulation tool, 23 we found that the doped nitrogen atoms were distributed near the surface region of HOPG as shown in Fig. S2 (projected range up to 2 nm). We observed that the accelerated nitrogen ions create a 2-3 nm thick nitrogen-doped region at the surface of the HOPG substrate. Since the nitrogen doped region is thinner than the probing depth of XPS and XAS with PEY, all doped nitrogen can be detected by both XPS and XAS. From the XPS spectra, the amount of surface nitrogen (X) was estimated to be equal to 0. 21 In this case, a nitrogen content of 2.7 at.% was reported, and the profile was similar to that of N-HOPG with X = 2.3 (at.%) in this manuscript.
The amount of dosed nitrogen ions in the previous work was not measured but thus can be estimated around 80 × 10 13 ions cm -2 . In this paper, we have for the first time reported the very low ion dose effects between 0.2-80 × 10 13 ions cm -2 , in particular emphasis is on 8 and 4000 × 10 13 ions cm -2 , which are highly below and above the nitrogen dose of the previous report 21 . Figure approximately +0.6 eV. 28 The presence of the zigzag edge in HOPG has been reported by scanning tunneling spectroscopy (STS), 29 with step densities of 0.09-2.2% being recorded for a variety of grades using AFM. 30 The nitrogen sputtering process not only causes nitrogen doping, but also creates carbon vacancies. Such carbon vacancies can contribute to the formation of the pyridinic N and the graphitic2 N. For a graphene on Ir however, excluded the possibility because the interaction between graphene and Ir (111) was weak, 32 thus supporting our assignment. It must be nevertheless noted that there is not yet strong evidence to visualize the local atomic structure of the graphitic2 N using atomic scale microscopy such as STM and AFM and the assignment is not conclusive.
From these theoretical and experimental results, it seems therefore to be most plausible to assign NP4 to graphitic2 N. 
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follows. Graphite retains flat surface in the low nitrogen sputtering condition as later mentioned at 3.3. Raman spectra showed, however, that the carbon network was strongly disturbed above X = 2.3. At the low nitrogen doing region, the sputtering creates defects, like zigzag edges and point vacancies shown in Fig. S5 , whereas at the high nitrogen doping region, the sputtering creates more defects resulting in disorder of several carbon layers, that is, amorphous carbon as discussed in the previous study for Ar + sputtering to single-and few-layer graphene 34 . The zigzag edges and point vacancies contribute to the formation of both pyridinic N and graphitic2 N. Therefore, at the low doping region, the absolute amount of pyridinic N and graphitic2 N increases in proportion to the total ion dose ( Fig. S4 (b) ). At the high doping region, however, the evolution of the amorphous carbon (Fig. S7 ) prevents the formation of graphitic2 N ( Fig.1 and Fig. S4 (b) ). It was amorphization of carbon that drastically reduced the proportion of graphitic2 N at high doping region.
Configuration of doped nitrogen in N-HOPG
The configuration of doped nitrogen in N-HOPG was analyzed by angle-dependent N 1s XAS. The spectra were normalized according to intensity at 430 eV, taking an average between 390-395 eV as background. Out-of-plane (θ = 90°) unoccupied states of nitrogen were extracted by taking into account their contribution to the obtained (θ = 0°, 45°, 60°, or 70°) spectra (Fig. S5) . Figure 2 shows the in-plane (θ = 0°) and the extracted out-of-plane (θ = 90°) N 1s XAS spectra. Three sharp peaks in the π* region can be assigned to A) pyridinic N, B) cyanide N, and C) graphitic N sites, [35] [36] [37] respectively, where the presence of pyrrolic N could be excluded by XAS rather than calculations. 40 They reported that both a graphitic N in perfect graphene, and a pyridinic N with a monovacancy show perfect polarization dependence for π* and σ* components. 3) in the XPS spectra. However, it should be noted that the graphitic2 N peak could not be identified in the XAS spectra, possibly due to overlap with the graphitic1 N peak, while in the XPS spectra a different peak position allowed the two environments to be distinguished. As discussed for the pyrrolic N in this manuscript, the chemical shifts in XAS and XPS are not necessarily the same 38 .
The assignment of the graphitic2 N species in the XAS spectra will therefore be investigated in a later study.
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Surface morphology and defect sites
Raman scattering measurements provide additional information regarding the disorder in the carbon structure. Figure 3 shows Raman spectra of N-HOPG along with that of clean HOPG (X = 0.0) as reference. The Raman spectra at low nitrogen content region are also shown in Fig. S6 . The spectra were normalized according to peak height at 1585 cm -1 . The G-band at approximately 1585 cm -1 is derived from the graphite basal plane, while the D-band at ~1360 cm -1 corresponds to defect sites in the graphite plane. 34, 42, 43 A wide profile across the G-and D-bands appears at higher disorder levels corresponding to the graphite phonon density of states (PDOS-like background). 44 The presence of this peak indicates the appearance of amorphization in the graphite layers. 43 However, separation of the PDOS-like background from other bands is problematic due to its rather broad profile. In addition, a large G-band is always observed due to the presence of pristine graphite layers below the nitrogen ion sputtered surface. N is likely to be doped into the flat in-plane graphite region, rather than into the amorphous region. As the amount of doped nitrogen increases to N-HOPG with X = 8.4, the majority of flat graphite layers convert into defective and amorphous regions, resulting in reduced orientation of the doped nitrogen in these regions.
Page 14 of 26 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
The ORR activity measurements of N-HOPG were performed to discuss the possible nitrogen contribution to ORR (Fig. S7) . The N-HOPG with X = 0.4 at the lowest nitrogen doping level showed the highest ORR activity (E O2 = 0.36 V at −2 µA cm −2 ) in three N-HOPGs. However, it is difficult to clearly determine the relationship with ORR activity and each nitrogen configuration due to the presence of amorphous regions that significantly reduce the electron conductivity.
Comparison of our graphite model with current catalysts synthesized from organic precursors is also of interest. In a standard synthetic protocol, such catalysts are subjected to heat treatment that converts an amorphous carbon structure into an ordered graphite structure. Above a critical temperature, their ORR activity dramatically improves, mainly due to a sharp increase in electron conductivity. 45 In addition, at higher pyrolysis temperatures, the ordered carbon structure excludes impurities such as nitrogen atoms, and the remaining nitrogen species dominate as in-plane graphitic N and/or pyridinic N. 46, 47 In the study reported herein, N-HOPG with X = 0.4 under the lowest nitrogen doping conditions corresponds to this high temperature pyrolysis region of the current catalysts in terms of catalytic activity and electron conductivity. This N-HOPG preferably contains the graphitic1 N and graphitic2 N, due to the optimized low energy nitrogen ion sputtering and annealing conditions. The higher nitrogen doping thus produces an amorphous carbon structure on the surface of HOPG containing a variety of nitrogen species, comparable to that observed below the critical pyrolysis temperature of the current catalysts with high nitrogen concentrations. Thus, a detailed study on the properties of model N-HOPG catalysts under similar electron conductivity conditions (e.g., similar density of amorphous carbon) will provide further 
Conclusion
Characteristics of nitrogen doped highly ordered pyrolytic graphite (N-HOPG) using low energy nitrogen ion sputtering were investigated by X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and Raman spectroscopy in Hydrogen, carbon, and nitrogen atoms correspond to white, black, and blue balls, respectively. 
